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ABSTRACT 

We present spectroscopic observations of GRB 091 127 (z = 0.490) at the peak of the putative associated 
supernova SN2009nz. Subtracting a late-time spectrum of the host galaxy, we isolate the contribution of 
SN 2009nz and uncover broad features typical of nearby GRB-SNe. This establishes unambiguously that 
GRB 091 127 was accompanied by a broad-lined Type Ic SN, and links a cosmological long burst with a 
standard energy release (fi^.iso ~ 1.1 x 10^^ erg) to a massive star progenitor The spectrum of SN2009nz 
closely resembles that of SN 2006aj, with SN 2003dh also providing an acceptable match, but has significantly 
narrower features than SNe 1998bw and 2010bh, indicative of a lower expansion velocity. The photospheric 
velocity inferred from the Si IIA6355 absorption feature, Vph « 17,000 km s"', is indeed closer to that of SNe 
2006aj and 2003dh than to the other GRB-SNe. Combining the measured velocity with the light curve peak 
brightness and width, we estimate the following explosion parameters: Mni ^ 0.35 Mq, Ek ^ 2.3 x 10^' erg, 
and Mgj ^ 1 .4 Mq, similar to those of SN 2006aj. These properties indicate that SN 2009nz follows a trend of 
lower Mni for GRB-SNe with lower Ek and Mgj. Equally important, since GRB 091 127 is a typical cosmologi- 
cal burst, the similarity of SN 2009nz to SN 2006aj either casts doubt on the claim that XRF 0602 1 8/SN 2006aj 
was powered by a neutron star, or indicates that the nature of the central engine is encoded in the SN properties 
but not in the prompt emission. Future spectra of GRB-SNe at z > 0.3, including proper subtraction of the 
host galaxy contribution, will shed light on the full dispersion of SN properties for standard long GRBs, on the 
relation between SNe associated with sub-energetic and standard GRBs, and on a potential dispersion in the 
associated SN types. 

Subject headings: gamma-rays:bursts 
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I. introduction 

The association of long-duration gamma-ray bursts (GRBs) 
with Type Ic supernovae (SNe) provides the most direct ev- 
idence for massive stripped-envelope (Wolf-Rayet) stars 
as th e progenitors of long GRBs (e.g., IWooslev & BloornI 
12006*). This connection was first intimated by the dis- 
covery of the unusually luminous and broad-lined Type 
Ic SN 1998bw id = 40 Mpc) in spatial and tem poral co- 
incidence with GRB 980425 (iGalama et al.1 11998 ). It was 
further supported by the detection of late-time photometric 
"bumps" in the optical light curves of several GRBs at z < 1 
that resembl ed the optical light curve o f SN 1998bw (e.g. . 
Bloom et al.1 [19 99; Lazzati etiD 120011; iBloom et all 12002 



Soderberg et al.li2005„ .2006b) . although al ternative explana- 



tions for these bumps have bee n proposed dEsin & BlandfordI 
I2OOOI: IWaxman & Draindl2000 ). Subsequently, unambiguous 
spectroscopic identifications were obtained for four nearby 
GRBs: GRB030329 /S N2003 dh (z = 0.169; iHiorth etal.l 
I200I iStanek et all I20Q1, GRB 031203/SN20031w 
(z = 0.105; iMalesani et afl llool . XRF 06021 8/SN 2006aj 
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(z = 0.033; iModiaz et all 120061; lPianetal.1 l2006l). an d 
GRB 100316D/SN2010bh (z = 0.059~ ]Chomock et al.ll20Tol) . 

All four events are broad-lined Type Ic SNe, similar to 
SN1998bw. However, only GRB 030329 is typical of the 
cosmo logical long GRB population in terms of its energy 
scale (iBerger et al.ll2003l) . while the remaining three events 
are all sub-energetic in 7-rays, have no clear optical after- 
glows, exhibit only mildly relativistic velocities, and appear 
to be quasi-sp herical (the so-called sub-energetic GRBs; 
ISoderberg et al]l200ll2006ah . 

As a result, there is a clear impetus to obtain spectroscopic 
observations of GRB-SNe at z > 0.3 to bolster the GRB-SN 
connection for the cosmological population, as well as to map 
the range of GRB-SN properties (i.e., velocity, kinetic en- 
ergy, ejecta mass, ^^Ni mass), and to compare the properties 
of the SNe associated with standard and sub-energetic GRBs. 
The challenge of obtaining such spectroscopic observations is 
twofold. First, the associated SNe are faint, with a peak op- 
tical apparent brightness** of /ab ~ 22.5 mag at z ^ 0.5 and 
w 24.5 mag at z ^ 1. Second, at these redshifts the bright- 
ness of the SNe and the compact host galaxies^ are similar, 
therefore requiring a careful subtraction of the host spectrum 
to robustly reveal and properly measure the SN features. 

To date, spectroscopic observations timed to coincide with 
potential GRB- SNe at z ~ 0.3 - 1 have been obtained in 
five cases. Delia Valle et al.l ( l2003b obtained a spectrum of 
GRB 021211 (z = 1.006) during the peak of an associated 

This is due in part to line-blanketing in the rest-frame UV, which is red- 
shifted into the optical band at z > 0.5. 

' Th e typical half-light radii of long GRB hos t galaxies at z > 0.3 are 
< 0.5" ffiloom et al.l2002trWamwright et al.l2007l) . 
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bump (designated SN20021t). The putative SN and host 
galaxy had a comparable brightness of /? « 25.2 mag, but 
the host contribution was not subtracted from the spectrum, 
which appears to exhibit a broad minimum i nterpreted as Ca II 
H&K blue-shifted by about 15,000 km s'^. iDella Valle et"an 
(|2003 ) claim a close match with the normal Type Ic SN 19941, 
but a poor match with SN 1998bw; however, inspection of 
their Figure 2 shows that the peculiar Type la SN 1991bg is 
an equally goo d match to the noisy s pectrum of the puta- 
tive SN 20021t. iGarnavich et alj ( l2003h obtained a spectrum 
of GRB011121 (z = 0.362) coincident with the peak of an 
associated bump (designated SN2001ke) when the optical 
brightness'" was R^23 mag. Unlike SN 19 98bw, the result- 
ing spectrum is flat at Aiest ^ 5100 A, which [ Garnavich et alj 
(I2003i) claim as evidence for a Type Iln event. However, the 
large, and uncertain, extinction along this line-of-sight may 
influence this res ult. A spectrum o f XRF 020903 (z = 0.251) 
was obtained by ISoderberg et al.l (12005 ) during a late flat- 
tening in the light curve. After subtraction of a model star- 
burst galaxy template, the residu al spectrum exhib i ts an over- 
afl shape similar to SN 1998bw. iDeUa VaUe elal] (12006) ob- 
tained a spectrum of GRB 050525A (z = 0.606) about 2 weeks 
after the peak of the associated bump (designated SN 2005nc), 
with equal contribution from the putative SN and host galaxy 
(each with 7? « 25.2 mag). After subtraction of a model 
host spectrum, the residual spectrum exhibits a broad bump at 
Arest ~ 5100 A, with a decline at longer wavelengths, broadly 
resembhng the spectrum of SN 1998bw. ISparre et aP (120111) 
obtained spectra of GRB 101219B (z = 0.552 based on weak 
Mg II absorption) about 16 and 37 d after the burst and find 
broad undulations that resemble SN 1998bw and distinct from 
an earlier featureless spectrum. They do not directly account 
for the spectral shape of the host galaxy, assuming instead a 
flat spectrum' ' . In none of the 5 cases was an attempt made to 
extract any SN properties beyond addressing whether or not 
they resembled SN 1998bw. 

Here we present spectroscopic observations of 
GRB 091 127 at z = 0.490, timed to coinciding with t he peak 
of a photometric bump designated SN2009nz ( Cob b et aP 
12010). The bump light curve resembles SN 1998bw, albeit 
dimmer by about 0. 1 mag and with a somewhat earlier peak 
and narrower light curve; it is brighter than SN2006aj by 
about 0.25 mag, with a later peak and broader light curve 
dCobb et alj|2010l) . At the peak of the bump, the SN bright- 
ness is / w 22.3 mag, the afterglow is estimated to be / w 24.2 
mag, and the host galaxy has / w 22.5 mag (i.e., the relative 
contributions are about 50%, 8%, and 42%, respectively). 
Thus, as in the previous cases of z > 0.3 bumps, the host 
and putative supernova contribute a similar amount of flux, 
thereby requiring a careful subtraction of the host galaxy 
spectrum. Here we undertake this procedure using a spectrum 
of the host galaxy obtained about 1 yr after the burst (©. 
Subtraction of the host contribution cleanly isolates the SN 
spectrum and reveals broad undulations that clearly resemble 
previous GRB-SNe, in particular SN2006aj and potentially 
SN2003dh, but with narrower features than SN 1998bw 
and SN2010bh (®. This result demonstrates that the 

It is unclear from lGamavich et"an 120031) what fraction of the flux within 
the 1 " slit is contributed by the extended host galaxy. The host contribution 
was not subtracted from the spectrum. 

" This assumption was made despite the fact that late-time photometric 
observations indicate a lower flux in the observed g-band compared to r- and 
i-band. 



photometric bump is indeed a SN, and allows us to extract the 
explosion properties of SN 2009nz (©. We compare these 
properties to the well-studied nearby GRB-SNe to explore the 
dispersion of SN properties for standard and sub-energetic 
GRBs (®. 

2. SPECTROSCOPIC OBSERVATIONS 
2.1. "Bump" Spectrum 

We observed GRB 091 127 (z = 0.490; ICucchiara et aP 
120091) with the Gemini Multi-Object Specti'ograph (GMOS) 
on the Gemini-North 8-m telescope (program GN-2009B-Q- 
28, PI: Fox) on 2009 December 22.27 UT. The spectrum was 
timed to coincide with the peak of an associated SN 1998bw- 
like event at z = 0.490. Two dithered 900 s exposure pairs 
were obtained with the R400 grating at central wavelengths 
of 8000 and 8050 A in 0.65" seeing. The resulting combined 
spectrum covers 5900 - 9500 A at a resolution of about 7 A. 
An OG515 order-blocking filter was used to prevent second- 
order contamination in the red part of the spectrum. 

The spectra were reduced, combined, and extracted using 
standard procedures in IRAF, while flux calibration and cor- 
rection for telluric absorption were performed using custom 
IDL routines with archival observations of the standard stars 
BD-i-28 4211 and Feige34. The mean airmass of the obser- 
vation was 1.3 and the 1" slit was aligned at the parallactic 
angle, so the relative spectral shape is reliable. We determine 
the overall flux scale of the spectrum by integrating over the 
r-band filter response function and comparing to photometry 
of the target in the GMOS r-band acquisition image within the 
same aperture size (r = 22.66 ± 0.06 mag calibrated relative to 
follow up observations from Magellan - see ^2.2l l. 

2.2. Host Galaxy Spectrum 

Spectroscopic and photometric observations of the host 
galaxy of GRB 091 127 were obtained with the Inamori Mag- 
ellan Areal Camera and Spectrograph (IMACS) mounted on 
the Magellan/Baade 6.5-m telescope on the nights of 2010 
November 13 and 14 UT. We obtained two 2400 s exposures 
with the 200 1/mm grism using a 0.9" slit and a 4950 A or- 
der blocking filter to avoid second-order contamination in the 
red part of the spectrum. The seeing during the observations 
was 0.6", well-matched to the conditions of the GMOS spec- 
trum. The spectra were processed using standard procedures 
in IRAF, and the wavelength calibration was performed us- 
ing HeNeAr arc lamps. The resulting wavelength coverage is 
5000-9400 A, with a resolution of about 4.7 A. Flux cali- 
bration was performed using observations of the spectropho- 
tometric standard star Feige 110. We confirmed the overall 
flux calibration and shape by integrating the spectrum over 
the r- and /-band filter response functions (r « 23.5 mag, 
/ « 23.3 mag) compared to photometric measurements of the 
host within the same aperture size (r « 23.5 mag, ; ?» 23.2 
mag). 

The photometric observations were obtained in the griz fil- 
ters. The data were processed using standard procedures in 
IRAF, and photometric calibration was performed using ob- 
servations of the southern standard star field E3A. The result- 
ing flux measurements (in a 1 .5" radius aperture) are provided 
in Table [U We note that our /-band measurement is in excel- 
lent agreement with the /-band host flux given in lCobb et alj 
(i201Q) . 

3. THE SPECTRUM OF SN 2009NZ AND A COMPARISON TO 
NEARBY GRB-SNE 
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The spectra at the peak of the photometric bump and of the 
host galaxy alone are shown in Figure [T] The bump spectrum 
(supernova+host) exhibits broad undulations with a peak at 
\est ~ 5300 A, and a possible second peak at Ai-est ~ 4500 A. 
These features are reminiscent of previous GRB-SNe, but it 
is critical to ensure that they do not result from host galaxy 
contamination, since the host contributes about half of the 
total flux. To remove any possible contamination, and to 
cleanly isolate the SN features, we subtract the host spec- 
trum from the bump spectrum and find that the features are 
robustly detected. The isolated spectrum of the transient ex- 
hibits three absorption troughs centered at rest wavelengths of 
about 4200, 4750, and 6000 A, closely matching the spectra 
of nearby GRB-SNe. The 4200 and 4750 A features are gen- 
erally identified as blends of Fe II/Ti II and Fe II/Fe III, respec- 
tively, while the 6000 A feature is identified as Si IIA6355. We 
confirmed these results by subtracting a scaled blue galaxy 
template spectrum obtained from the Sloan Digital Sky Sur- 
vey cross-correlation library'^ (Figure [U. The galaxy spec- 
tral shape is essentially identical to our measurements, and 
the resulting isolated SN spectrum reveals the same features 
detected in the subtraction relative to the Magellan host spec- 
trum. In the analysis below we use the SN spectrum from the 
actual host subtraction, but note that the results are unchanged 
for the spectrum from template subtraction. 

We compare our SN2009nz spectrum at Strtt ^t = 16.3 d 
(corre sponding to « 1 .5 d past maximum light; ICobb et all 
120101) to the spectra of the nearby GRB-SNe 1998bw, 2003dh, 
2006aj, and 2010bh on a similar timescale (Figure |2]l. Over- 
all, the spectrum of SN 2009nz is remarkably similar to the 
nearby GRB-SNe, exhibiting the same broad features that are 
a hallmark of large expansion velocities. This unambiguously 
identifies the photometric bump associated with GRB 091 127 
as a supernova, and demonstrates that SN2009nz is also a 
broad-lined event, likely'^ of Type Ic. We do not find a promi- 
nent He IA5876 absorption feature as expected for a Type lb 
SN. Finally, a comparison to the normal Type Ic SN 19941 
and the normal Type lb SN 1998dt reveals a poor match due 
to their significantly narrower features. 

Among the sample of nearby GRB-SNe the best overall 
match to SN2009nz is provided by SN2006aj, in terms of 
both the location of the absorption minima and the width of 
the features (Figure |2]i. SN 2003dh also provides a reason- 
able match, but SNe 1998bw and 2010bh have significantly 
broader features indicative of larger expansion velocities. We 
estimate the photospheric velocity using the location of the 
Si IIA6355 absorption feature (Figure |3]l. We find that the for 
SN 2009nz the minimum is located at Ai-est ~ 6000 A (with 
an uncertainty of about 50 A), corresponding to a velocity of 
about Vph ~ 1 7 , 000 km s"' (with an uncertainty of about 2500 
km s"'). A comparison to the inferred Si IIA6355 velocities 
of the previous GRB-SNe (Chornocket al. 2010) indeed in- 
dicates a similar velocity to SN2006aj (« 19,000 km s"'), 
and lower velocity than SN 1998bw (w 24,000 km s"') and 
SN2010bh (w 25,000 km s"'). 

Using the photospheric velocity from our spectrum, along 
with the peak brightness (My) and width of the photometric 
light curve (parametrized as Amig), we can determine the ba- 

^^ |http : / /www, sdss ■ org/dr7/algorithms/spectemplates71 
Although our spectram does not cover Ha, we do not see an obvious fea- 
ture corresponding to H/3 at an expected blue-shift of ~ 10,000—30,000 km 
s"' . Furthermore, the overall similarity to the nearby well-studied GRB-SNe, 
which are all of Type Ic, suggests that SN 2009nz shares this designation. 



sic explosion properties of SN 2009nz, namely the kinetic en- 
ergy (Ek), the ejecta mass (Mgj), and the mass of synthesized 
^*'Ni (Mni). The Ught curve presented in lCobb et all (1201 0') in- 
dicates My = -19.0 ± 0.2 mag and A oti5(V ) = 1 .3 ± 0.3 mag. 
Using the formulation of Drout et al.l (12010 ). based on the the- 
oretical model of Arnett (.19821) . we infer'"* Mni,© ~ 0.35 and 

3/4 , 1/4 

Q/ii^ 5j w 1 .0 (here Mej,0 is the ejecta mass in units of so- 
lar masses and Ek^si is the kinetic energy in units of 10^' erg). 
From our inferred velocity we also find E/j-^i/Mej,© w 1.7, 
and therefore E^^si ~ 2.3 and Mq © w 1.4. As with the over- 
all shape of the spectrum, the inferred explosions properties 
of SN 2009nz most closely r esemble those of SN2006aj, for 
which iMazzaU et al.l (l2006ah estimated Mni.© « 0.2, Eg^n w 
2, and Mej.0 w 2. On the other hand, they are significantly 
lower than for SNe 1998bw and 20031w; see Table |2] and 
Figure |4] The maximal values of the explosion properties 
given the uncertainties in My, Amis, and Vej are: Mni,© ~ 0.6, 
^^r.si ~8.4andMej,0 «3.5. 

4. DISCUSSION AND CONCLUSIONS 

We presented a spectrum of the photometric bump (des- 
ignated SN2009nz) associated with the standard cosmolog- 
ical GRB 091 127, and unambiguously demonstrated that it 
is a broad-lined SN, similar to the Type Ic SNe associated 
with nearby GRBs. The best match over the wavelength 
range of our spectrum (Arest ~ 4000-6300 A) is provided 
by SN2006aj; SNe 1998bw and 2010bh, on the other hand, 
exhibit broader features indicative of larger expansion ve- 
locities. Identifying the absorption feature centered at 6000 
A with Si IIA6355, we infer a photospheric velocity about 
17,000 km s-i at (5f,-est ~ 16.3 d, similar to that of SN 2006aj, 
and lower than SNe 1998bw and 2010bh. Combined with 
the SN light curve properties, we find that the explosion 
properties of SN2009nz are E^^si ~ 2.3, Mgj © ~ 1.4, and 
Mkuq ~ 0.35, similar to those of SN2006aj. 

These results demonstrate that beyond the basic need to 
spectroscopically confirm photometric bumps as supernovae, 
spectroscopy of GRB-SNe at z > 0.3 provides two key 
measurements. First, the spectra allow us to determine 
the SN type. To date, all the nearby well-studied GRB- 
SNe have been classified as broad-lined Type Ic events. 
At z > 0.3 there are claims for a norrnal Ty pe Ic event 
(GRB 02121 l/SN20021t; Deli a Valle et al.ll2003b and a Tvt^e 
Iln event (GRB 01 1 121/SN2001ke: iGarnavich etall l2003l). 
However, both of these claims are problematic: SN20021t 
equally resembles the peculiar Type la SN1991bg, while 
SN2001ke suffers from large, and uncertain, extinction lead- 
ing to an uncertain spectral shape. In addition, in neither case 
was the host contribution accounted for, leading to possible 
contamination of the spectra. The remaining three events 
at z > 0.3 with spectroscopic observations (XRF 020903, 
GRB 050525 A, and GRB 10121 9 B) broadly resemble 
SN 1998bw (|Soderberg et al.l l200l iDeUa VaUe et"an 120061: 
ISparre et al.ll201 V ), but no attempt has been made to extract 
their physical properties. Here, we find that SN 2009nz is also 
a broad-lined event, but for the first time have a sufficiently 
large comparison sample to demonstrate a closer similarity to 
SN 2006aj flian to the canonical SN 1998bw. 

''^ We use a mean difference of Ri 0.3 mag b etween Am i s(V) and 
Ami5(i?), as well as between My and Mr, as found bv'Drout et alJl20Tol) , to 
place SN2009nz on their grid of models. The models assume energy depo- 
sition from '*Co and ^*Ni, a homogeneous density distribution of the ejecta, 
and a fixed optical opacity. 
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Second, the spectra allow us to measure the photospheric 
velocity and, along with the light curve properties, to infer 
the basic explosion parameters (the light curve by itself only 
provides a ratio of the kinetic energy and ejecta mass). Thus, 
spectroscopy provides deeper insight into the physical prop- 
erties of GRB-SNe than light curves alone. Here, for the first 
time, we measured the expansion velocity and explosion prop- 
erties of a GRB-SN at z > 0.2. Using these measurements we 
find that SN 2009nz follows the overall trend of lower Mn; for 
events with lower Ek and Mej seen in the nearby GRB-SNe 
(Figure nil. 

In the same vein, the similarity in spectral and explo- 
sion properties of SN 2009nz and SN 2006aj is instructive in 
light of the differences between the prompt emission prop- 
erties of GRB091127 and XRF060218. The former is 
a typical cosmological GRB with E^^i^o ~ 1.1 x 10^^ erg, 
a duration of Tgo 9 s, and a rest-frame Ep ss 25 keV 
d Wilson-Hodge & Preecell2009l) . while the latter is an X-ray 
flash with is-y iso ~ 6.2 x 10"*^ e rg, a duration of Tgp K i 2100 s, 
and a rest-frame Ep w 5 keV (Campan a et al.ll2b0 6'). These 
differences provide evidence for a lack of correlation between 
the prompt emission and associated SN properties. Moreover, 
iMazzah et al.1 (l2006a) suggested that XRF 0602 1 8/SN 2006aj 
was powered by a neutron star instead of a black hole based 
on the lower ejecta mass and kinetic energy compared to SNe 
1998bw, 2003dh, and 20031w, as well as the low energy of the 
prompt emission. However, GRB 09 11 27 is typical of the cos- 
mological GRB pop ulation, which is thought to be powered 
by black holes (Mac Fadyen & WoosleylfT999h . and yet its as- 
sociated SN2009nz shares the properties of SN2006aj. This 
either casts doubt on the idea that the properties of SN 2006aj 
(or of GRB-SNe in general) require a neutron star central 
engine, or alternatively suggests that standard GRBs can be 
powered by either neutron stars or black holes, but with no 
clear imprint on the prompt emission properties. 

From an observational point of view, we stress that while 
the broad SN features are identifiable in the bump (super- 
nova-nhost) spectrum of SN 2009nz, subtraction of the host 
spectrum provides a more reliable and robust identification 
of the SN features. Accounting for the host contribution 
in GRB-SN spectra at z > 0.3 is critical since in all cases 
to date the host galaxy contributes about half of the ob- 
served flux'^. None of the studies published to date ac- 

The afterglow contribution, on the other hand, is generally < 10%, and 
it is also less of a concern due to its featureless spectrum. 



counted for the actual host spectru m, either neglecting its 
contribution alto gether (GRB 021211: iDella Valle et al.l2003l: 
GRB011121: Garnavich et al. "20031) assuming a template 
blue galaxy spectrum (GRB 050525A: lDella Valle et al.l2006l: 
XRF 020903: Soderberg et al. 2005), or assuming a flat spec- 
trum (GRB 1012 19B: S parre et al. 2011 ). In this study we 
find that either an actual spectrum of the host or an appropri- 
ate template matched to the host colors should be subtracted. 

We end by noting that the small sample of GRB-SNe with 
detailed spectroscopic observations already reveals a wide 
dispersion in explosion properties, with about a factor of 30 in 
Ek, a factor of 15 in Mej, and a factor of 7 in Mni (Table|2]and 
Figure nil. This also seems to be the case for the two events 
associated with standai'd GRBs — GRB 030329/SN2003dh 
and GRB091127/SN2009nz. The wide dispersion contra- 
dicts earlier claims for a narro w range of GRB-SN properties, 
mainly their kinetic energies (iKaneko et al.ll2007l) . Clearly, a 
larger number of events is required to fully sample the range 
of explosion parameters, to evaluate whether there really ex- 
ists a dispersion in GRB-SN types, and to investigate any cor- 
relations with the GRB properties or differences between the 
SNe associated with sub-energetic and standard GRBs. Such 
a study requires a concerted effort to determine the afterglow 
properties from broad-band modeling, to measure the SN light 
curves, and to obtain spectra of the bumps and host galaxies. 
With a Swift detection rate of 2-3 z 0.5 GRBs per year such 
a concerted effort is both desirable and achievable. 
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TABLE 1 

Magellan/IMACS Host Galaxy Photometry 



Filter 


Exposure Time 


'"AB 






(s) 


(mag) 


(MJy) 


8 


420 


24.05 ±0.14 


0.99 ±0.14 


r 


720 


23.34 ±0.05 


1 .84 ± 0.09 


i 


480 


22.89 ±0.07 


2.70±0.19 


z 


720 


22.57 ±0.10 


3.56 ±0.36 



Note. — " CoiTected for Galactic extinction oi E(B- 
V) = 0.038 mag i Schlegel et al. 1991). 
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TABLE 2 

Explosion Properties of GRB-SNe 



GRB-SN 


MNi 


Ek 




Reference 




(M0) 


(10^' erg) 


(Mq) 




1998bw 


0.7 


30 


11 


Iwamotoetal. (1998^ 


2003dh 


0.35 


38 


8 


Mazzali et al. (2003} 


20031w 


0.55 


60 


13 


Mazzali et al. (2006b) 


2006aj 


0.2 


2 


2 


Mazzali et al. (2006a) 


2010bh 


0.1 


14 


2.2 


Canoetal. (2011) 


2009nz 


0.35 


2.3 


1.4 


This paper 


Note. — 
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4000 4250 4500 4750 5000 5250 5500 5750 6000 6250 

Rest wavelength (A) 



Fig. 1 . — Spectra of the GRB 091 127/SN 2009nz "bump" (red) and o f the host galaxy (blue). The thick lines are smoothed with a 100 A boxcar. The subtracted 
spectrum (with about 15% contribution from the featureless afterglow: ICobb et al]l2010 ) is shown as a thick black line. The undulations typical of a broad-lined 
GRB-SN are clearly seen, with prominent absorption features at Aicst ~ 4200, 4750, and 6000 A. We also perform a subtraction relative to a template blue 
galaxy spectrum from the SDSS (cyan; emission lines clipped), and find that the resulting SN spectrum (gray) is nearly identical to the spectrum from actual host 
subtraction. 
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3500 4000 4500 5000 5500 6000 6500 7000 7500 8000 

Rest wavelength (A) 

Fig. 2. — Spectram of SN2009nz (black; with about 15% contribution from the featureless afterglow: ICobb et ai]l2010l) compare d to spectra of well-stu died 
nearby GR B-SNe on a co mparable timescale (the tim es in parentheses are relative to the peak of the light curv e). Top: SN2003dh JMatheson et al.ll200 3') and 
SN2006aj jModiaz et aTl l2006): Bottom: SN 1998bw jPatat et alj[2001l) and SN2010bh iC homock e'ral]|2O10l) . The comparison spectra have been normalized 
to the same flux at the peak of the Arest ~ 5300 A feature. The spectrum of SN2009nz closely resembles the previous GRB-SN, with the best overall match 
provided by SN 2006aj. SN 2003dh also provides a reasonable match in terms of the width of the features, while SNe 1998bw and 2010bh have broader features 
indicative of larger expansion velocities. The specti'um from a template galaxy subtraction (gray) is also shown. 
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SN2003dh 




5000 5400 5800 

Rest wavelength (A) 



6200 5000 5400 5800 6200 
Rest wavelength (A) 



Fig. 3. — Spectram of SN2009nz near the Si IIA6355 absorption feature (black; with about 15% contribution from the featureless afterglow: 'Cobb et al.'lOlCJ) 
compared to spectra of well-studied nearby GRB-SNe on a comparable timescale (SN 1998bw: Patat et al. 2001; SN2003dh: Matheson et al. 2003; SN2006aj: 
IModiaz et alj |2006; SN2010bh: Chornock et al. 2010). The location of the absorption feature indicates a photospheric velocity of about 17,000 km s"' for 
SN2009nz. SNe 2006aj and 2003dh provide the closest match in terms of the location and width of the Si IIA6355 feature, indicating a similar expansion 
velocity. SNe 1998bw and 2010bh exhibit broader features indicative of larger expansion velocities. The spectrum from a template galaxy subtraction (gray) is 
also shown and leads to identical results. 
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Fig. 4. — Explosion properties of the well-studied nearby GRB-SNe (gray circles), along with our infeired properties of SN2009nz (black circle). The area 
of the symbols is lineai'ly proportional to the mass of synthesized ^^Ni for each event. There appears to be a broad congelation between the three explosion 
properties, with the most energetic GRB-SNe producing the largest ^*Ni and ejecta masses. The overall correlation between Ek and Mej reflects the range of 
ejecta velocities of ~ 10,000 — 30,000 km s"'. References for the individual events are given in Table[2] 



